The focus of this research was based on the application of an osmotic pretreatment (15% NaCl) for drying abalone slices, and it evaluates the influence of hot-air drying temperature ∘ C) on the product quality. In addition, the mass transfer kinetics of salt and water was also studied. The optimal time of the osmotic treatment was established until reaching a pseudo equilibrium state of the water and salt content (290 min). The water effective diffusivity values during drying ranged from 3.76 to 4.75 × 10 −9 m 2 /s for three selected temperatures (40, 60, and 80 ∘ C). In addition, experimental data were fitted by Weibull distribution model. The modified Weibull model provided good fitting of experimental data according to applied statistical tests. Regarding the evaluated quality parameters, the color of the surface showed a change more significant at high temperature (80 ∘ C), whereas the nonenzymatic browning and texture showed a decrease during drying process mainly due to changes in protein matrix and rehydration rates, respectively. In particular, working at 60 ∘ C resulted in dried samples with the highest quality parameters.
Introduction
The red abalone (Haliotis rufensces) is an herbivorous gastropod mollusk living naturally in the bedrock of water between 1 and 30 m depth. The culture of abalone has increased considerably, since it is highly appreciated as a seafood of high commercial value, especially in countries like China and Japan [1] , enjoying the firm texture, as well as cooked product tenderness [2] . This species of abalone is considered exotic seafood and is one of the most expensive seafood products (Briones-Labarca et al., 2011). From the above, the Aquaculture in Chile has grown considerably, while exports have been important after copper, forestry, and fruits, considering that for the future it will be one of the most important sources of food for the world. This way, the cultivation has been currently focused on univalve (red abalone), bivalves (oysters),
Materials and Methods

Samples Preparation and Osmotic Pretreatment.
The red abalone (Haliotis rufescens) samples were collected from an aquaculture Company (Live Seafood Chile SA, Coquimbo, Chile). These samples with a weight of 20.0 ± 0.2 g were delivered alive from the company to the university laboratory. Then, they were slaughtered, shucked, cleaned, and washed with fresh water until the blue pigment haemocyanin was removed. Finally, the samples were cut into slices of 10 mm long × 0.1 mm wide × 0.1 thick to consider one dimension and were immersed in a salt solution (NaCl, 15 g/100 mL) at 20 ∘ C as proposed by Lemus-Mondaca et al. [13] in the red abalone (Haliotis rufescens) and Boudhrioua et al. [21] in sardine fillets. The brine to sample ratio was maintained at 8 : 1 in order to not dilute the osmotic solution by water removal during experiments. The brine was agitated continuously in a water bath (Quimis, Q.215.2, Sao Paulo, Brazil) to maintain a uniform temperature. The osmotic process was made up of regular time intervals (0, 15, 30, 45, 60, 120, 180, 240 , 300, 360, and 420 min) until reaching an osmotic pseudo equilibrium. Moisture content was determined by AOAC method n ∘ 934.06 (AOAC, 1990) using an analytic balance (Chyo, Jex120, Kyoto, Japan) with a ±0.0001 g accuracy and vacuum drying oven (Gallenkamp, OVA031, Leicester, UK). As to salt content, this one was measured by Mohr method [22] , where salt content was expressed as g NaCl/100 g sample. All the experimental determination was performed in triplicate.
Drying Procedure.
Once the osmotic balance of the salt and water content has been reached, convective drying was carried out. The convective drying process was performed in a convective dryer tray designed and fabricated by the Department of Food Engineering at the University of La Serena, Chile [7] . Drying temperatures were 40, 60, and 80 ∘ C at a constant air velocity 1.5 ± 0.2 m/s for each test with an environmental condition of 18.0 ± 0.1 ∘ C and 68.1 ± 3.8% RH, the latter being measured by a digital hygrothermometer (Extech Instrument Inc., 451112, Waltham, MA, USA). The experiments ended when a state of pseudo equilibrium was reached at a constant weight between 22-18% humidity and 0.73-0.62 water activity according to the temperatures evaluated. The samples were sealed in polyethylene bags and each experiment was made in triplicate. The samples were sealed in polyethylene bags and each experiment was made in triplicate.
Diffusion Coefficient.
In order to study the phenomena of mass transfer during osmotic dehydration and convective drying process of abalone samples, two components were considered in each process: (a) the water loss and salt gain for OD and (b) the water loss for convective drying. Fick's second law has been widely used to describe the dynamics of the different drying processes for biological materials [23] . The mathematical solution of Fick's second law was used to describe the period, when internal mass transfer (water or salt) is the controlling mechanism and one-dimensional transport in an infinite slab [24] , shown in (1), which corresponds to the geometry of a semi-infinite slab. Thus, the variables of diffusion model are moisture loss (MR) (see (2) ) and salt gain rate (SR) (see (3)) [25] , represented as follows:
For sufficiently long drying times, the first term ( = 0) in the series expansion of (1) gives a good estimation of the solution and can be applied to determine the water and salt diffusion coefficients, (2) and (3), respectively [25] . Then, Fick's 2nd law (see (1) ) can be linearized, from the slope (=
2
/4
2 ), where and are moisture loss or salt gain, respectively, that can be obtained.
The influence of drying temperature was determined according to the Arrhenius type equation (4), where kinetic parameters ( and ) of this model can be estimated from the slope and intercept of the plot in versus the reciprocal of absolute temperature [10, 23] :
2.4. Mathematical Modeling. Commonly, the authors propose some simple and complex mathematical models to simulate drying curves of foods that can provide an adequate representation of the experimental results [26] . Several models exist in the literature to predict this process [27] . Among these models, the Weibull distribution model has been used to describe diverse cases, for example, the removal of Bacillus subtilis for a high pressure treatment (Knorr, 1996) , rehydration of breakfast cereals [18] , and pressure inactivation of bacteria [28] . The mathematical expression was based on the diffusional mechanism of water, expressed in
Quality Characteristics
Proximate Analysis and Water Activity ( ).
The moisture content determination was performed according to AOAC methodology number 934.06 using an analytical balance (Chyo, Jex120, Kyoto, Japan) with an accuracy of ±0.0001 g and a vacuum drying oven at 60 ∘ C (Gallenkamp, OVA031, Leicester, UK). The crude protein content was determined by the Kjeldahl method (AOAC number 920.39), applying a conversion factor of 6.25. The fat content was determined by the Soxhlet method (AOAC number 920.39) and total ash by oxidation of the organic matter at 550 ∘ C (AOAC number 923.08). The methods were performed according to the AOAC (1990) methodology and all the analyses were done in triplicate. In addition, water activity ( ) was measured (AQUA LAB, 4TE, Pullman, WA, USA).
Nonenzymatic Browning (NEB) and Total Volatile Basic Nitrogen (TVBN).
The proposed methodology for determining the NEB compounds dissolved in water rehydration was proposed by Vega-Gálvez et al. [29] . The samples were rehydrated at a ratio (1 : 10) g sample/g water × 12 h. Then, the procedure was divided into three stages. The first was a clarification of rehydration water with centrifugation at 3500 rpm × 15 min. The second step was a dilution (1 : 1) of this supernatant with ethanol (Sigma Chemical Co., St. Louis, MO, USA) at 95% (pa) centrifuged again to the same conditions and finally the third was read (absorbance at 420 nm) from the extracts that was determined to clear quartz in buckets using a spectrophotometer (Spectronic 20 Genesys, Illinois, USA). All measurements were done in triplicate and NEB was expressed as Abs/g d.m [29] . Total volatile basic nitrogen (TVBN) was determined on 5-16 g of chopped abalone samples using direct distillation with MgO with a Kjeldahl distillation apparatus and titration according to previous work [30] . All measurements were done in triplicate.
3.3. Surface Color. Total color change (Δ ) was calculated from the initial sample surface color (fresh sample) versus the surface color of the processed product (rehydrated sample) (see (6) 
3.4. Rehydration Indexes. Dry samples were rehydrated using a solid/liquid mass ratio of 1 : 50, within a time of 12 hours at room temperature. The rehydration ratio (RR) was calculated according to (7) and expressed as g absorbed water/g dry matter. The water holding capacity (WHC) of the samples rehydrated with the same above condition was centrifuged at 3500 × 20 min at 5 ∘ C in tubes equipped with a plastic mesh centrally placed, allowing water to drain from the sample during centrifugation. This water holding capacity expressed as retained water/100 g water was determined according to (8) [29] . All measurements were done in triplicate.
Texture Profile Analysis (TPA).
The texture profile of samples, as an indicator of chewiness, springiness, resilience, cohesiveness, and hardness, was measured using a Texture Analyzer (Texture Technologies Corp., TA XT2 Scardale, NY, USA). The probe had a puncture diameter of 2.0 mm that was /100 with a distance of 20 mm and test speed of 1.7 mm/s. The maximum force was measured by making 1 puncture in each abalone sample, using 10 slices per treatment. TPA parameters, including hardness, gumminess, chewiness elasticity, cohesiveness, and resilience, were evaluated by a typical force-time curve [2] .
Antioxidant Activity.
A lipid extraction was performed with the Soxhelt method (AOAC N ∘ 920.39). This extract was reconstituted with ether: ethanol 50% v/v 50 mL flask to react with the reagent 1,1 -diphenyl-2-picrylhydrazyl (DPPH), modified according to Brand-Williams et al. [31] . The solution of radical (DPPH) was prepared by dissolving 2.0 mg DPPH in 100 mL of ether-ethanol (50%). Then, 0.1 mL of sample was extracted with 3.9 mL of the DPPH solution. Control sample was prepared without adding extract. Once the samples spiked with DPPH, it was placed in the darkness for 30 minutes and the absorbance was measured at 517 nm, using a spectrophotometer (Spectronic 20 Genesys, Illinois, USA). Results were expressed in micromoles of Trolox equivalents TE [32] . All measurements were done in triplicate.
Statistical Analysis.
The fit quality of all models was evaluated using the sum square error (SSE) (see (9)) and Chi-square ( 2 , see (10)) tests [33] . The effect of air-drying temperature on each quality parameter was estimated by Statgraphics Plus v.5 (Statistical Graphics Corp., Herndon, VA, USA). The results were analyzed by an Analysis of Variance (ANOVA) using a factorial design to one single factor (temperature) with 3 levels (40, 60, and 80
∘ C) at a confidence interval of 95% with a Multiple Range Test (MRT).
Results and Discussion
Effective Moisture and Salt Diffusivity.
According to the kinetics of mass transfer of salt and water in the osmotic process (Figure 1 ), the optimum time was observed, based on (2) and (3). This osmotic equilibrium was between 270 and 300 minutes. These values were similar to those estimated by Telis et al. [34] in caiman fillet and Mujaffar and Sankat [35] in shark muscle. The values of the effective water and salt diffusivity in the osmotic process ( (4) and (5)) were of 2.74 × 10 −10 m 2 /s and 7.19 × 10 −10 m 2 /s, respectively. This occurs by the simultaneous movements of NaCl and water in the tissue, that is, the concentration differences and osmotic pressure exerted between the cell and the solution [36] . Although there is few data about this process applied to the abalone samples, a similar tendency was obtained by Corzo and Bracho [27] , in the case of the sardine for value of ; and in the OD of sardine fillets, Boudhrioua et al. [21] to 3.22 × 10 −9 m 2 /s, together with Medina-Vivanco et al. [39] for tilapia fillets drying. The differences among these values could be explained by the diversity of seafood species that presented changes in temperature, muscular type and position, fat content, and presence or absence of skin [39] .
Arrhenius equation ( 2 > 0.85) was proposed by VegaGálvez et al. [29] . The Arrhenius factor ( 0 ) that attained a value of 3.17 × 10 −8 m 2 /s and the activation energy ( ) of 5.48 kJ/mol were calculated in agreement with (7) . Such values showed a clear dependence on the drying temperature, demonstrating that ( ) values increase meaningfully as temperature increases. Furthermore, it can be concluded that abalone was more sensitive to temperature than other species according to its low-value, if it is compared to the jumbo squid [29] , which attained a value of 28.93 (kJ/mol), and salmon [38] that showed a value of 24.57 (kJ/mol). The abalone's value was lower, due to the difference in the composition of its protein content, compared to the other seafood species mentioned before; therefore, it is concluded that, during the drying period, there would be a lower denaturalization that would not hinder the water diffusional transfer (crustening), considering that a lower value means a higher sensitivity within the evaluated temperature range [26, 40] . Figure 1 shows the transfer of kinetic mass (water and salt) in a pseudo equilibrium state experimental and calculated by using the Weibull model to 15% NaCl, with 2 = 0.000595, SSE = 0.000463, and 2 = 0.94. The parameter, both for salt gain and for water loss, was 0.0093±0.0103 to 7659±1492.2 (min), respectively. With respect to the values of parameter for salt gain and water loss, they were in a range of 0.101 ± 0.010 to 0.404 ± 0.024, respectively. Similar results were reported by Corzo and Bracho [16] regarding sardine's water loss with values ranging from 0.665 to 0.469, under similar concentrations.
Weibull Model Applied to Osmotic Dehydration.
Weibull Model Applied to Drying
Procedure. The complexity of mass transfer process makes it difficult to obtain an accurate prediction because they depend on parameters and equilibrium conditions as well as the effective water diffusivity. Thus, the Weibull's model was used (Figure 2) , which shows the drying curves of 40, 60, and 80 ∘ C of abalone samples pretreated osmotically and adjusted according to this model (0.0002 < 2 < 0.00048; 0.00021 < SSE < 0.0004; 0.981 < 2 < 0.993). It can be seen that all curves are exponential being typical for drying food [1] . The behavior of the drying curves was also reported by other authors when they worked with lobster [29] . The drying curves 60 and 80 ∘ C that have a similar tendency are explained by the formation of a crust in the area of the abalone samples surface associated with osmotic pretreatment and thermal chock. This crust has a significant resistance to water migration [35] . Drying curves or drying rates depend on several factors, some of them being directly related to the product and others related to the airdrying temperature [41] . Table 1 shows the moisture diffusivity coefficient, which was the most significant parameter in the food drying [42] , based on Fick's second law [23] .
In particular, the values of and Weibull parameters showed significant differences among evaluated temperatures, with a value < 0.05. Similar results were obtained by Vega-Gálvez et al. [29] in the jumbo squid drying at the same 3.76 ± 0.146 temperatures. Cunningham et al. [43] explained that the parameter represents the time required for 63% of the whole drying process, approximately. Furthermore, this parameter was related to the mass transfer (min) at the beginning of the process; therefore, if the value was lower, the transference speed was faster [44] , and a reduction of parameter indicates greater water absorption and desorption of the dehydrated product.
Quality Characteristics
Proximate Analysis and Water Activity ( ).
The proximate composition of osmotically treated samples was 76.6 for the moisture content, 13.3 for the protein content, 1.73 for the [45] . The safety limit for in the foods is 0.6 [46] . This research yielded values of 0.77 ± 0.02 to 0.67 ± 0.04. Chiou et al. [45] obtained the same trend in cuttlefish drying subjected to a pretreatment salt. From the microbiological point of view, there might be some chemical, biochemical, or metabolic reactions of growth due to the quantity of water that is available. However, owing to the fact that the abalone was subjected to an osmotic pretreatment at 15% NaCl, it will cause a slower growth of some microorganism because of the difference in the osmotic pressure or because of chloride ions that are deadly for some pathogens [47] , affecting the enzymatic systems and consequently the chemical reaction speed will be reduced.
Surface Color and Nonenzymatic Browning (NEB).
Color changes are in connection with the changes in the structural protein that bring about a difference in light dispersion properties on the surface of abalone samples, like browning reactions [47] . Figure 3 shows the changes of * , * , * , Δ , and NEB parameters from fresh and rehydrated samples. According to ANOVA, the luminosity ( * ) attained statistically significant differences in all the treatments, resulting in their decrease, which were observed at 95% confidence level ( < 0.05), among the mean values that resulted in two homogeneous groups (40-60-80 ∘ C and fresh), which can be explained because the luminosity was affected mainly by NaCl osmotic pretreatment [47] and the drying temperature [1, 29] . The yellowness ( * ) increased during the drying temperature due to the browning [48] ; that is, it was proved that the temperatures used affected the * parameter, since these ones showed significant differences ( < 0.05) in the average value for each temperature. Similar values were obtained by Ortiz et al. [38] in salmon drying and by Vega-Gálvez et al. [1, 29] in jumbo squid osmo-treated drying. This also occurs in * parameter, where there were significant statistical differences that attained a confidence value of 95% ( < 0.05). As in the case of color variation (Δ ), it also increased with the drying temperatures [38] from 12.35 to 14.15. However, the statistical study revealed that no significant differences were found among treatments that had a value > 0.05, with a homogeneous group (40-60-80 ∘ C). Maillard type reactions or nonenzymatic browning (NEB) occurs because carbonyl compounds react with amino-groups when thermal treatments are applied on the muscular tissues that usually contain carbohydrates like glycogen, reducing sugars, and nucleotides [49] , which was evidenced by the decrease in the value of * and increase of * parameter. The abalone is abundant in proteins and free amino-acids; therefore, it can be observed that temperature increase brought about an important chestnut colored compound formation. This was observed because the NEB compounds increased with the increase in temperature resulting in brown compounds. The NEB treatment at 80 ∘ C obtained a 0.27±0.023 value Abs/g d.m. like Rahman [49] that evaluated other seafood products.
Texture Profile Analysis (TPA).
Seafood muscle tissue is formed by muscle fibers cells located in the interstitial medium and capillary space medium. Muscular cells are mainly fibrils, sarcoplasm, and the connective tissue, specifically collagen [50] . The principal structural factors that affect Effect of drying temperature on color differences (Δ ), chromaticity coordinates * , * , and * (whiteness or brightness, redness/greenness, and yellowness/blueness), and nonenzymatic browning (NEB × 10 −2 ) of fresh and rehydrated abalone. Different letters above the bars indicate significant differences ( < 0.05).
the texture are associated with the connective tissues and myofibrils proteins (actins and myosin) [51] . The myofibrils proteins such as the myosin play an important role in the quality of meat owing to their capacity to hold water [52] .
Based on the above, the texture is one of the most important characteristics that affect the quality of the product when it is chewed by the consumer [53] . Table 2 shows the effects of drying temperature on the fresh and rehydrated texture samples. The latter display a significant influence with increasing temperature [29] . Comparable results have been reported in baking squid [53] and during shrimp drying [54] . Drying causes protein denaturation by irreversible structural changes that lead to a change in texture [2] . Dried abalone samples firmness is a critical parameter affecting the quality and hence the acceptability of the product. All treatments prior to drying showed an increase compared to the fresh sample and can be explained by the effect of the drying temperature, the NaCl concentration on tissue proteins [55] . Firmness values between a fresh abalone and a dried-hydrated one at the highest drying temperature varied 7 from 21.43 to 54.12 N/mm. The same tendency was reported by Vega-Gálvez et al. [29] , for the osmo-treated cuttlefish drying and by Ortiz et al. [38] , on salmon drying.
Rehydration Indexes.
Most products dehydrated are rehydrated before consumption. Rehydration can be regarded as an indirect measure of tissue damage caused by drying [29] . Figure 4 shows the rehydration ratio (RR) together with the water holding capacity (WHC) for different treatments used. This figure indicated that treatment at 60 ∘ C obtained RR increased compared to the other treatments (1.26 g absorbed water/g dry matter). The treatment at 40 ∘ C reveals slightly lower value as compared to 60 to 80 ∘ C. Moreover, it is generally accepted that the degree of rehydration depends on the degree of cell structural alteration [47] , because if the drying temperature increases, the higher the rehydration capacity will be, due to its lower water retention capacity that was caused by structural damage at the cellular level, resulting, among other effects, in leaching of soluble solids [56] .
WHC value shows a tendency to decrease as the treatment temperature increases; thus, at 40 ∘ C the treatment has the highest water holding capacity (98.96 g retained water/100 g water) and the lowest at 80 ∘ C (95.25 g retained water/100 g water). Similar results were reported by other authors who described that drying temperature was the main factor of WHC decrease, becoming an obstacle to retain this water. In particular, Vega-Gálvez et al. [29] working in cuttlefish found similar results. Besides, it must be pointed out that abalone and all the meat species have a good water holding capacity, due to their protein feature of a myofibril origin [52] . Table 2 show that the antioxidant capacity obtained a decrease with the process temperatures; that is, it can be observed that the variable temperature has a significant effect on the antioxidant activity of the abalone samples. These results also were reported by Bennett et al. [57] concluding that the drying and processing conditions affect the antioxidant capacity of foods. All the treatments showed a diminishing of such an activity as compared to a fresh sample that obtained 28.824 mol TE/g d.m. A similar behavior was also observed at 60 ∘ C and 80 ∘ C due to the same period under thermal process. This can be explained by the osmotic pretreatment that the abalone has, which might produce NaCl crystals, as a barrier to the water outlet (Collignan et al., 2000) , affecting the drying process. The antioxidant activity of seafood has been related to proteins and has been reported of different peptides having antioxidant effects [58] . However, the relationship between antioxidant activity and content of active peptide has not been fully studied yet in the process [58] .
Antioxidant Capacity. The results in
Total Volatile Basic Nitrogen (TVBN)
. TVBN values that are reported in this research are in a range from 10.57 to 53.65 mg N/100 g from samples fresh and dehydrated, which can be better valued from Table 2 . These values vary according to the fishtailed species, the environment, physiological conditions, processing, and storage conditions [48] . Table 2 shows an increase in the amount of TVBN as the temperature increases, due to the low molecular weight volatile compounds that increase the amount of nitrogen considerably with the heat treatment [29] . Similar results were found by Robles et al. [59] when applying thermal treatments on crabs (Homalaspis plana). The total basic volatile nitrogen content (TVBN) has been worldwide used as an indicator of fish quality [60] . The fresh value was 10.57 ± 0.03 mg N/100 g, sample that can be compared to fresh seafood reported by other authors [59] . TVBN content increases by the thermal treatment due to the longer heat exposition, according to Gallardo et al. [61, 62] . During thermal treatment, the composition and proportion of the nitrogenous compounds cause changes in the amine's molecular weight contents; that is, TVBN increases as a consequence of some amino-acids degradation [59] . TVBN values of meat subjected to a thermal treatment are always higher than fresh meat [61] . Studies carried out in canned mussels and squids and other fish species that underwent some thermal treatment showed TVBN values of 42.5-57.3 mg/100 g of muscles [62] . According to ANOVA ( < 0.05), there was a significant difference between the average values of the total content of volatile nitrogen for treatments studied.
Conclusion
This study has shown that the concentration of the osmotic treatment influences directly the diffusional coefficient of water and salt in the process, obtaining a balance between 270 < min < 300. These values ranged from 2.74 to 7.19 × 10 −10 m 2 /s, respectively. As for the effective diffusivity of water in the drying process, there was a tendency to increase regarding the evaluated temperatures, whose values oscillated from 3.76 to 4.76 × 10 −9 m 2 /s. The Weibull model obtained a good fit in the OD and drying, corroborating with statistical test 0.0006 < 2 < 1.09, 0.0005 < SSE < 0.8934, and 0.91 < 2 < 0.94. The drying temperature significantly influenced the 8 Journal of Food Quality physical, chemical, and nutritional properties of abalone samples. Discoloration of product was more evident at high drying temperatures, where combined effects of nonenzymatic browning as well as protein denaturation modified the abalone samples original color. According to the drying temperature, the RR and WHC indexes showed a decrease, while the texture presented an increase. TVBN and antioxidant activity values presented a decrease with increased temperature. Therefore, the results of this work indicate that the drying kinetics along with quality aspects of dried abalones can be used to improve the final characteristics of the product and predict a suitable drying treatment at 60 ∘ C under an osmotic pretreatment (15% NaCl). 
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